A first-in-human clinical trial of ultrasmall inorganic hybrid nanoparticles, "C dots" (Cornell dots), in patients with metastatic melanoma is described for the imaging of cancer. These renally excreted silica particles were labeled with 124 I for positron emission tomography (PET) imaging and modified with cRGDY peptides for molecular targeting.
INTRODUCTION
Near-infrared (NIR) optical imaging technologies are expected to affect minimally invasive surgical procedures and, in turn, patient outcomes by allowing the surgeon to directly visualize sites of malignancy and the extent of local disease dissemination via the direct integration of camera systems with endoscopic tools (1, 2) . Nanomaterials, in particular the development of NIR optically active particle probes, are expected to play a key role in this field, designed to improve the sensitivity and accuracy of lesion detection over that of organic dyes. The emergence of such probes, which have been tailored and refined to address metastatic disease detection (3) and other key issues, including targeted drug delivery (4), pharmacokinetics (PK) (5) , and immune response to tumors (6) , has led to promising technological advances defining the forefront of nanomedicine today. Nanoparticle surface versatility and unique physicochemical and biological properties provide new opportunities to probe molecular targets within human subjects (7) (8) (9) ). Yet, despite myriad preclinical developments (10) (11) (12) , advancing such nano-sized agents into the clinic has been limited or nonexistent.
The promise of cancer nanomedicine lies in the generation of biocompatible, multifunctional agents that promise significantly better targeted treatment of disease than is currently achievable (13) . In some instances, particle-based agents, which may or may not incorporate therapeutic payloads, have been surface-modified with multiple small molecular ligands (that is, peptides) that recognize and bind cancer markers. The creation of actively targeted small particles (that is, sub-10 nm diameter) offers advantages over larger (10 to 100 nm, or higher) passively targeted nanocarriers, because the latter may nonspecifically accumulate within the tumor interstitium owing to the enhanced permeability and retention (EPR) effect (10, 14, 15) . Molecularly targeted particle products may lead to enhanced receptor binding affinity and avidity (13, 16) , extended plasma and tumor residence times, improved bioavailability, favorable tumor-to-blood ratios, as well as intracellular delivery via internalization, as opposed to small molecules (17) .
We have developed hybrid inorganic (silica) particles, termed Cornell dots (C dots), that can be used for positron emission tomography (PET)-optical dual-modality imaging. These ∼6-to 7-nm particles were surface-functionalized with the peptide cyclo-(Arg-Gly-Asp-Tyr) (cRGDY) to detect integrin-expressing lesions in human melanoma xenografts (16) and in genetically engineered miniswine models with melanoma (18) . Tumor-targeted C dots exhibited hallmarks of an ideal diagnostic probe in animal models, selectively targeting disease (and metastases) while exhibiting bulk renal clearance. This latter property was achieved by tuning particle sizes below that of the effective renal glomerular filtration size cutoff of 10 nm (19, 20) . Particle probe safety was thereby maximized by reducing nonspecific uptake in the reticuloendothelial system (RES), thus abrogating potential off-target toxicities (16) . In the spontaneous melanoma miniswine model (18) , C dots improved target-to-background ratios relative to free dyes, using intraoperative optical imaging guidance (18) . Moreover, higher sensitivity and specificity of the particle tracer relative to the standard-of-care radiotracer, 18 F-fluorodeoxyglucose ( 18 F-FDG), were demonstrated. On the basis of its versatile design properties, active targeting kinetics, and favorable clearance and toxicity profiles, this ultrasmall silica platform could improve image-based diagnostic assessments and intraoperative cancer care. Toward translation of this inorganic class of imaging nanoparticles, we describe herein a first-in-human trial of ∼6-nm hybrid core-shell silica nanoparticles, labeled with and modified with cRGDY peptides for molecular targeting. Furthermore, the hybrid particles are inherently fluorescent, containing the dye, Cy5.
124
I-cRGDY-PEG-C dots received U.S. Food and Drug Administration (FDA) Investigational New Drug (IND) approval as a drug for targeted molecular imaging of integrin-expressing cancers (16, 21) . Before using these particles as cancer-directed optical probes for intraoperative applications, we conducted this pilot clinical trial to evaluate the PK and clearance profiles of a single-injection particle tracer dose in metastatic melanoma subjects using PET imaging. Safety measures included monitoring of uptake in normal organs, as well as laboratory toxicity indicators. Secondary objectives were to estimate radiation doses and assess plasma and urine metabolic activity. Our data suggest that systemically administered 124 I-cRGDY-PEG-C dots are well tolerated, may accumulate at sites of disease, and exhibit a PK signature that is different from those observed for particle sizes greater than ∼10 nm inner diameter-one in which bulk renal clearance predominates without significant RES system uptake, making it safer for patients.
RESULTS

Clinical trial design
After FDA approval of a physiciansponsored IND and Institutional Review Board (IRB) approval, a microdosing study was initiated in n = 5 human subjects with metastatic melanoma using the hybrid fluorescent silica particle tracer, 124 I-cRGDY-PEG-C dots (Fig. 1A) . Before radiolabeling, absorption-matched C dot optical spectra in aqueous solution demonstrated brightness enhancement (per dye) as differences in intensity between the emissions of the encapsulated and free dyes (Fig. 1B) . The higher quantum efficiency of the encapsulated versus the native dye results from a greater number of photons emitted after NIR light excitation (that is, increased radiative rate), as well as from a decrease in the number of photons lost to alternative nonradiative processes (that is, decreased nonradiative rate) (22) . The relative brightness, hydrodynamic diameter, and particle concentration administered are in table S1, along with the post-release radiolabeled product criteria (table S2) and long-term stability  data (table S3) of representative batches.
The demographics and clinical history of the patient population are summarized in Fig. 1C . Notably, two patients had tumors harboring the V600E BRAF mutation, which is found in 45% of cutaneous melanomas. All five patients received single-dose intravenous injections of about 185 megabecquerels (MBq) (∼3.4 to 6.7 nmol) of 124 I-cRGDY-PEG-C dots (specific activity range, 27.8 to 57.4 GBq/mmol), which were well tolerated over the study period based on a safety evaluation that included laboratory indications of particle (drug) toxicity and blood and urine specimen analyses. All subjects had whole-body PET-CT (computed tomography) imaging evaluations at 2 to 4, 24, and 72 hours after injection to determine organ uptake and clearance profiles of this particle tracer (Fig. 1D) . In addition to assessing PK and particle safety, time-dependent changes in plasma and urinary metabolic profiles were measured over a 2-week interval for biostability and particle integrity using gamma counting and radio thin-layer chromatography (radioTLC). IRB policy and FDA regulations did not allow for a more comprehensive design until the safety of this particle-based agent was proven.
Particle tracer PK Serial whole-body PET and PET-CT PK profiles are illustrated over a 72-hour period for representative patients #3 ( Fig. 2A) and #5 (fig. S1 ); imaging findings are comparable over this time period. Regions of interest (ROIs) were drawn over all major organs and tissues on the PET images for all five patients using the corresponding CT for guidance. The standard uptake values (SUVs)-where SUV is defined as the activity per gram of tissue divided by the administered activity per gram of body mass-were recorded. These data were converted into %ID/g and plotted as a function of time after injection (Fig. 2B) . Collectively, these findings showed that tissue activity is relatively low (that is, values shown as 1/1000th of a percent of the injected dose per gram). As an exception, higher accumulated activities were measured within the thyroid gland of patient #2 relative to that measured in other patients (table S4), secondary to a goiter. The higher thyroid activities seen in patient #2 (table S4) might be explained by the fact that this autonomously functioning glandular tissue could not be effectively blocked with potassium iodide (KI) solution. Except for one lesion in patient #2 and a rim of activity about a hepatic lesion in patient #1, tumors were not visualized. However, by design, the current study was not optimized for lesion detection.
A decline of early blood pool activity resulted in minimal retained activity by 72 hours in all major organs and tissues. Whole-body clearance half-times were estimated to range from 13 to 21 hours. No notable accumulation was observed in the RES, in contrast to many hydrophobic molecules, proteins, and larger-particle (>10 nm) platforms (10) . The data indicate that a large fraction of the administered activity was eliminated via the urinary system (Fig. 2B ). Gamma counting of plasma samples demonstrated biexponential clearance (Fig. 2B) ; the more rapid initial half-time (that is, t 1/2,1 ∼3.75 hours) was attributed to renal excretion, whereas hepatobiliary clearance presumably accounted for the slower-clearing component. Median %ID/g values and associated interquartile ranges for the intravenously injected particle tracer were tabulated for all major tissues, and for blood and urine specimens over 72 hours (tables S4 and S5).
Metabolic analyses
Metabolic analyses of blood and urine specimens by gamma counting revealed at least an order of magnitude drop in tracer activity over the first 72 hours after injection for all five patients, with minimal C dot activity remaining at the end of this interval (Fig.  3A) . Particle activity was largely confined to the blood plasma fraction in this patient cohort. RadioTLC analyses of plasma samples revealed a single peak through 24 hours after injection ( Fig. 3B and fig.  S2 ), corresponding to the intact radiolabeled nanoparticle. In urine specimens, two peaks-one corresponding to the intact nanoparticle, and the other to a more mobile species (identified as free iodine)-were seen over a 24-hour period ( Fig. 3C and fig. S3 ). RadioTLC analyses of the particle tracer, with radio-iodinated peptide ( 131 I-cRGDY) and free radioiodine ( 131 I) as standards ( Fig. 3D) , confirmed that the first and second peaks in the radiochromatograms corresponded to the intact nanoparticle and free iodine, respectively. The size of the second free radioiodide peak in Fig. 3C suggests that the particle was undergoing deiodination. However, this is not the case, because the peak is due to early clearance of ∼9% free iodide present in the injected particle preparation, as determined by radioTLC.
On the basis of the estimated total plasma, total-body extracellular fluid (ECF) space, urine activities, and the TLC-based radiochemical analyses of plasma and urine, the percentage of the total activity representing free iodide was very small (<2.5%) relative to that in the form of intact particle (>97.5%) (table S6), because free iodide freely exchanges between the ECF and plasma compartments. These data indicate that no substantial loss of radiolabel occurred during the study. Similar findings were obtained for this particle tracer by radioTLC in our earlier preclinical work (16) , where relatively low percent cumulative dehalogenation values (∼10%) were measured in urinary specimens of murine melanoma models over 24 hours. In addition, given the absence of peaks corresponding to particle breakdown products, the radiochromatograms showed no evidence of instability of the particle itself. This is consistent with the results of our earlier murine melanoma studies that showed no significant loss of particle integrity over a 24-hour period after injection in urine specimens by fluorescence correlation spectroscopy, relative to preinjection values (16) .
Radiation dosimetry
Organ-absorbed doses and the effective dose for each patient, along with the mean organ absorbed dose for all patients, are presented in Fig. 4 . The mean dose for all patients was comparable to that for other commonly used diagnostic radiotracers administered at comparable injected activities, for instance, doses of the order of 1 mGy/MBq. In addition, the average effective dose in human subjects, 0.183 ± 0.065 mSv/MBq (range, 0.115 ± 0.278 mSv/MBq), was comparable to that estimated from our earlier preclinical data (∼0.157 mSv/MBq) (16) . Patients were pretreated with KI to block thyroid tissue uptake, and thus, there was only a low concentration of free iodide activity in the thyroid [KI blockade typically blocks >95% of iodide uptake, but rarely achieves 100% blockade (23) ]. The mean thyroid dose was ∼0.7 mGy/MBq, which is less than 1% of the thyroid dose due to free 124 I. As noted, particles were also primarily excreted by the kidneys, with both kidney and bladder wall (after thyroid gland) demonstrating two of the highest mean absorbed dose values 72 hours after injection compared to other tissues (Fig. 4) .
Image-derived time-activity data were used to estimate the median cumulated activities (or total 124 I disintegrations) of the particle tracer in all major organs and tissues, along with their associated SDs (table S7). Despite muscle and bone having low activity concentrations through 72 hours after injection (Fig. 2B) , these tissues had surprisingly high cumulative activities. This, however, may be a result of muscle and bone having larger total masses, thus resulting in relatively larger cumulative activities than other organs.
Multimodal imaging with 124
I-cRGDY-PEG-C-dots: Clinical case studies Although the current microdosing trial was not designed as a tumor-targeting study (that is, no attempt was made to adjust particle doses to optimize tumor targeting), lesion uptake and localization were seen in several patients along with a case of renal inflammation. A whole-body PET-CT scan was acquired 4 hours after intravenous administration of 124 I-cRGDY-PEG-C-dots in patient #1, who had anorectal mucosal melanoma and a known liver metastasis within the inferior left lobe. On coronal CT images (Fig. 5A) , a large area of decreased density was seen in the inferior left lobe of the liver, at the site of the known metastatic lesion. On the coronal PET (Fig.  5B ) and co-registered PET-CT scans (Fig. 5C ), particle uptake appeared to circumscribe the liver lesion (Fig. 5 , B and C) and subsequently cleared by the time of the 24-hour PET scan (Fig. 5D ), suggesting some localization in this metastasis. Particle activity was seen within the bladder, gastrointestinal tract (stomach, intestines), heart, and the gallbladder (Fig. 5, B and C ). An 18 F-FDG PET scan (Fig. 5D ) acquired several days later showed a hepatic metastasis with a more hypermetabolic tumor border, corresponding to that seen in Fig. 5B . Although the lesion demonstrated more prominent 18 F-FDG activity, this reflects a different aspect of tumor biology, namely, glucose transport and metabolism. 124 I-cRGDY-PEG-C dot uptake would reflect integrin biology.
In patient #2, injected intravenously with 124 I-cRGDY-PEG-C dots, a ∼5-mm well-defined cystic lesion was seen in the right anterior lobe of the pituitary gland, which lacks a blood-brain barrier, on axial and sagittal magnetic resonance (MR) images (Fig. 6A) . This lesion, a stable finding on previous MR imaging (MRI) scans, was presumed to be a pituitary microadenoma-an intracranial neoplasm known to exhibit malignant properties, such as neoangiogenesis and progression into peritumoral tissues. Precise co-registration of this tracer-avid focus with multiplanar MRI (Fig. 6B) and CT (Fig. 6C) images confirmed its location within the anterior pituitary gland. Initially seen as a focus of intense activity, it progressively increased in intensity over a 72-hour interval (arrow, Fig. 6D ), accompanied by a corresponding decrease in surrounding background signal, thus yielding high tumor-to-background (to-brain ∼500; to-liver ∼50) ratios (Fig. 6E) . Because the lesion diameter was slightly less than the resolution (full-width half-maximum ∼6 mm) of the clinical PET scanner, these ratios had to be corrected for partial volume effects (24) . This increase in signal reflects a net accumulation of particle activity within the lesion over time.
The fraction of the injected particle load that accumulated at the tumor site was evaluated for patient #2 (Fig. 6D) . Using the measured maximum SUV (SUV max ) of the lesion (46.5) at 72 hours after injection (which was nearly an order of magnitude higher than that of normal pituitary tissue), the approximate mass of the lesion, and the patient's body mass, we found that, relative to an injected particle load of 2 × 10 15 , roughly 1.78 × 10 11 particles, or 0.01%, of the injected dose accumulated at the lesion site.
In patient #4, who had a history of impaired renal function and mildly elevated creatinine levels (table S8) related to chemotherapy (cisplatin)-related nephrotoxicity, prolonged 124 I-cRGDY-PEG-C dot activity was observed in both renal cortices over several days (Fig. 7A) . Similar to PET findings in the first subject (Fig. 5B) , prominent activity, or radiation emission, was initially noted at 3 hours after injection within the cardiac blood pool, gastrointestinal tract, and glandular structures, followed by renal clearance and accumulation in the urinary bladder. Over the next 72 hours, activity was seen to persist in the renal cortices. Reformatted sagittal and axial CT images 72 hours after particle injection (Fig. 7B ) demonstrated perinephric stranding about both kidneys, without evidence of hydronephrosis or hydroureter. This likely reflected inflammatory sequelae, because similar findings were present before particle administration. Renal function continued to improve after particle injection, with creatinine levels declining from a value of 1.7 to 1.5 mg/dl (upper limits of normal), the latter value maintained for at least 72 hours (table S8) .
Patient safety evaluation
Safety assessments were based on lack of clinical symptoms, absence of any laboratory indications of particle (drug) toxicity, dosimetry, and blood and urine specimen analyses. Blood and urine metabolic profiles are tabulated for male (table S8) and  female (table S9 ) subjects, along with normal parameter ranges. Urinalysis results are shown in table S10. Average blood urea nitrogen and creatinine concentrations, measured to assess renal function (tables S8 and S9), did not substantially change over the 2-week study interval. In one male subject (patient #4, Fig. 7 ) with a history of acute druginduced nephritis, mildly elevated parameter values found before particle administration were noted to decrease over at least a 72-hour window, indicating a non-obstructive uropathy. These findings provided evidence that renal function was unaffected by the particle tracer. To assess alterations in liver function, liver panel assessments were conducted to assay aspartate aminotransferase, alanine transaminase, alkaline I-cRGDY-PEG-C dots. Absorbed doses per unit administered activity (mGy/MBq) of major organs and tissues were derived for each patient (n = 5) from serial whole-body PET scans acquired over a 72-hour time interval after injection of the particle tracer and using ROI-based time-activity data. Data are also displayed as averages ± SD in the gray-colored bar graph for all patients. phosphatase, albumin, total bilirubin, and total protein levels. No changes in liver function were found to be attributable to particle infusion.
The laboratory assessment of drug toxicity observed at baseline or within 2 weeks of therapy (table S11), graded according to the National Cancer Institute's Common Terminology Criteria for Adverse Events (CTCAE, v4.0), suggested that adverse events were unrelated to particle injection and that the particle was safe. These findings were based on an absence of substantial changes in laboratory values over the 2-week period relative to those measured before particle injection.
DISCUSSION
This first-in-human clinical study represents the translation of cancer-targeted, renally excreted inorganic nanoparticles for PET and optical imaging from mouse to man. There is a strong desire for the use of nanoparticles, including silica (inorganic), gold (metallic), and quantum dots (semiconductor materials), in the clinic for targeted imaging and drug delivery. These, however, should have properties of an ideal cancer-targeting probe, having overcome barriers related to renal clearance, toxicity, and nonspecific biodistribution. C dots are ultrasmall (<10 nm), integrin-targeting nanoparticles that have been tuned to sizes that promote renal excretion and limit nonspecific RES uptake, thus enhancing bioavailability and minimizing off-target toxicity. Our data here in five melanoma patients indicate favorable PK/biodistribution profiles and safety of this targeted, inorganic imaging agent, thus opening the door for the use of other, similar nanoparticles in humans.
Targeted C dots were initially approved for use as a particle tracer and not as an optical probe for image-guided surgeries. Hence, the primary objective of this pilot study was to assess safety and to quantitatively monitor whole-body tissue distributions and clearance of 124 I-cRGDY-PEG-C dots using quantitative PET imaging and low clinical tracer doses. Acquired PK profiles were examined for reproducibility among subjects and used to derive human plasma and whole-body clearance half-times. The results obtained from this proof-of-concept clinical study point to an inorganic particle tracer that was safe and exhibited reproducible PK signatures defined by renal excretion-in contrast to the slower clearance of other larger PET particle systems. In contrast to C dot whole-body clearance half-time values (that is, 13 to 21 hours), 111 In-labeled liposomes ∼90 nm inner diameter were found to have median clearance half-time values ranging from 40 to 103 hours in patients with locally advanced malignancies (25) . In this latter instance, a biodistribution pattern was also seen within the liver, spleen, and bone marrow, consistent with RES uptake. In another study recruiting patients with colorectal carcinoma (26), wholebody clearance half-time values of 131 I-labeled humanized monoclonal antibody A33, twice the C dot diameter, ranged from 120 to 176 hours. Thus, the use of ultrasmall C dots, on the order of the effective renal glomerular filtration size cutoffs (19) , was critical to achieving the foregoing results.
Although PK signature is a function of the particle size, other physicochemical properties, including charge, shape, and surface chemistry, also modulate PK. In an earlier mouse study, we showed that most C dots (<10 nm) without a PEG coat ended up in the liver (20) ; by contrast, 124 I-cRGDY-PEG-C dots were cleared by the urinary system. As a result, PK data reported in the literature will differ among different macromolecules (albumin) (27) or other particle types (gold nanoparticles) (28) exhibiting diameters similar or smaller in size than the particles used here. Further, the PK signature of 124 I-cRGDY-PEG-C dots differed from those of RES agents and antibodies, because no appreciable particle tracer accumulation was seen within the liver, spleen, lung, or bone marrow.
Particle tracer distributions, clearance, and dosimetric profiles were similar to those found in our preclinical melanoma models (16) . Bladder activity concentrations were nearly an order of magnitude higher than those in the liver. On the basis of the conservative assumption that all hepatic activity is ultimately excreted via the hepatobiliary route, these data are consistent with ∼90% of the administered activity being excreted via the kidneys and ∼10% via the hepatobiliary route. The route of excretion is a consideration in developing particle tracers because gut activity can potentially confound image interpretation; for 124 I-cRGDY-PEG-C dots, this was minimized. Moreover, particle PK and estimated organ effective doses were comparable to those found for other commonly used diagnostic radiotracers (∼1 mSv/MBq).
PK findings were also in line with a n b 3 integrin expression levels in most normal tissues, which demonstrate a concentration-dependent distribution: low-level expression, for instance, is found in tissues of intestinal and vascular origin (29) . Although the gastrointestinal tract was visualized, the activity-concentration therein was low (that is, <0.001%/g). On the basis of previous cRGD radiotracer literature (30) , there was no unexpected localization of particle activity within the body. A small fraction of the dose, however, was seen as uptake in the stomach and salivary glands; this was presumed to be free iodide already present in the injected particle preparation or cleaved from the particle by dehalogenases (vide infra). Such enzymatic dehalogenation occurs to a variable degree for all radioiodinated pharmaceuticals. Very low accumulated activity within the thyroid gland, which cleared over the study interval, was thought to reflect a combination of free iodide and iodide in particulate form. In the latter case, it is known that integrin receptors are expressed at low density within the thyroid gland, with uptake of dimeric peptides observed previously (31) .
Most activity measured in the plasma, urine, and total-body ECF was in the form of particle tracer, not free iodide. Free iodide exchange occurs between the ECF and the plasma compartment (32). Thus, sampling and radioTLC of plasma disclosed not only plasma-borne iodide but also total-body (nonthyroidal) iodide, because plasma is part of the total-body ECF with respect to free iodide. It can also be stated that (extrathyroidal) organ radioactivity will be a reflection of that contained within the plasma compartment. Thus, if the overall percentage of free iodide activity in the plasma is low at 24 hours, corresponding parenchymal organ activities will also be low (Fig. 2) .
These findings support the notion that the particle tracer is stable in vivo and that PET imaging follows the particle distribution (33) . The observed rapid renal clearance is predominantly driven by the kinetics of the particle itself. The free iodide contribution to the overall activity, measured at 0.5 hour by radioTLC (Fig. 3C) , likely reflected early clearance of free iodide present in the injected particle preparation (∼9% of total injected activity) and was consistent with free iodide in the injectate being rapidly cleared from plasma (8.7-hour plasmato-urine clearance half-time) (34) .
Clinical PET imaging of 124 I-cRGDY-PEG-C dots Use of image-guided biopsy procedures to acquire tumor tissue specimens as part of a more comprehensive trial design was precluded on the basis of IRB policy and FDA regulations until particle safety was proven. Furthermore, anatomic sites of disease identified in these patients were, on the whole, not easily accessed, increasing biopsy risk. We were therefore unable to match histology with imaging data. Nonetheless, it is important to consider biological mechanisms that may contribute to retained particle activity seen with in vivo PET imaging, particularly in light of the measured clearance profiles. It is important to highlight the ability of PET to accurately estimate the fraction of the injected particle load that accumulates at tumor sites, in addition to monitoring time-varying particle uptake (35) . There is no PET label available with a half-life longer than that of 124 I for radiolabeling control (non-RGDYbearing) C dots; therefore, we could not quantify nonspecifically localized C dots (for example, due to the EPR effect) in the patients. Future trials with a larger number of patients should address such issues.
Despite the low nanomolar amounts used and lack of optimization of dosing, accumulation of the particle tracer occurred in the lesions of several subjects. In patient #2, who had a presumed pituitary adenoma, PET imaging showed a progressive net accumulation of 124 I-cRGDY-PEG-C dot activity at the lesion site (Fig. 6D) . Such progressively increasing lesion activity was consistent with specific uptake, although the actual integrin receptor expression status was unknown. Previous studies investigating altered integrin expression levels associated with adenomatous transformation (36) have shown enhanced a n b 3 integrin expression levels primarily involving adenomatous stromal cells, as well as the parenchyma of adenomas, which may explain this finding in our study.
In patient #4, who had a history of cisplatin-related nephrotoxicity and acute renal disease, cortical retention of particle activity was observed. Radiographic findings were not consistent with an obstructive uropathy, and there was no clinical evidence of active renal disease during the study interval. However, soft tissue stranding about both kidneys on CT images suggested the sequelae of an inflammatory process. The inflammatory aspects of nephrotoxicity, secondary to toxicants such as cisplatin, are well documented (37, 38) and are known to critically involve the vasculature. Sites of inflammation recruit leukocytes via the post-capillary venules, a process dependent on the activation and enhanced expression of cell adhesion molecules, including integrins (38) . In this setting, retained renal cortical activity might reflect sites of preferential localization and accumulation of integrin-binding particles.
cRGDY is a cyclic peptide that targets integrin a n b 3 , which is highly expressed on activated endothelial cells involved in angiogenesis and vascular remodeling, as well as on solid tumor cells; it is not expressed on mature vessels or on nonneoplastic epithelium (39) . Hence, our radiolabeled cRGDY particle conjugate, coupled with clinical PET imaging, could select patients for integrin-targeted treatments, provide noninvasive imaging of tumor cells and neovasculature, and monitor treatment efficacy. The specific biological information supplied by such particle tracers could complement that acquired by nonspecific radiopharmaceuticals, such as 18 F-FDG, which is commonly used to screen for and stage tumors, including melanoma. The data in this study may be extended to treatment management settings for estimating particle dosing requirements in the context of image-guided surgeries or therapeutic interventions. In the future, ultrasmall 124 I-cRGDY-PEG-C dots can be surface-functionalized with different targeting moieties, tailored to meet individual patient needs, and thus pave the way toward improving patient care. The overall objective was to perform a nonblinded pilot study in melanoma patients after single-dose injection of 124 I-cRGDY-PEG-C dots to characterize their biodistribution, PK, metabolic stability, and dosimetry. Because 124 I-cRGDY-PEG-C dots had not been previously administered to humans, the foregoing studies were conducted in a small cohort (n = 5) of subjects with limited life expectancy, as required by the FDA before initiating conventional dose escalation phase 1 trials designed to optimize tumor-targeting kinetics. Hence, for this study, metastatic melanoma subjects (>18 years), with histological confirmation of disease, and who harbored newly diagnosed or recurrent tumor, or had residual clinically or radiographically evident tumor, including primary cutaneous and mucosal melanomas, were recruited (Fig. 1C) . Additional inclusion criteria included normal hematologic, hepatic, and cardiac function. Individuals who had medical illness unrelated to melanoma, which would preclude administration of the particle tracer, including those with uncontrolled infection, chronic renal failure, chronic active hepatitis, and unstable cardiac disease, were excluded from participating in the study. Potential patients with active thyroid disease were also excluded. An IRB waiver was approved for one subject with a recent history of acute drug-induced nephritis and mildly impaired renal function (creatinine value of 1.7) on the basis of the institution's previous radiopharmaceutical experience in these populations and potential risk to the patient.
MATERIALS AND METHODS
Study design
A single particle tracer dose (185 MBq) was administered intravenously. KI solution (130 mg/day) was self-administered orally 2 days before and up to 2 weeks after intravenous injection of the radioiodinated particle tracer to block uptake of free iodine by the thyroid. Serial PET-CT imaging studies (n = 3 per patient) were used to establish whether the particle probe exhibited key in vivo characteristics desirable of a diagnostic PET radiotracer, including bulk renal clearance, low background signal, stability, biosafety, and acceptable mean absorbed radiation doses. Blood and urine specimens were collected from patients for assessment of metabolites, chemistries, and hematologic, renal, and liver function after each of the acquired PET imaging studies, and up to 2 weeks after injection. All patients were observed clinically after probe injection over this time interval. The PK, dosimetry, and laboratory data collected at each time point were single measurements. Laboratory toxicity was graded using the CTCAE (v4.0). Results were compared with each subject's baseline values and standardized normal values to verify that no demonstrable alterations attributable to particle administration occurred.
Synthesis and characterization of 124 I-cRGDY-PEG-C dots
The synthesis and characterization of PEG and cRGDY surfacefunctionalized fluorescent core-shell silica nanoparticles (cRGDY-PEG-C dots) have been described previously (16) and are elaborated upon with radioiodination in Supplementary Materials and Methods.
PK and metabolic analyses ROIs were drawn on PET imaging data (AW Workstation, GE Healthcare) to extract mean and maximum SUVs for all major normal organs and tissues, including brain, lung, left ventricle, liver, spleen, intestine, kidneys, bladder, muscle, breast, and tumor(s). Organ and tissue uptake data were supplemented by time-activity data from the blood and urine. Detailed methods are in the Supplementary Materials.
PET imaging PET images were recorded for each patient at 4, 24, and 72 hours after injection of the particle tracer. Image acquisition and processing are described in the Supplementary Materials.
Statistical analyses
Summary statistics (mean, median, SD, and interquartile ranges) for % ID/g values were estimated using the sample mean, sample SD, and sample quartiles (40) . Given the small patient sample size, all data values were presented in tabular and/or graphical formats. All statistical analyses were conducted using R (version 2.15, http://www.r-project.org), and multipanel time profiles of %ID/g were generated using the lattice package (41) .
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/6/260/260ra149/DC1 Materials and Methods Fig. S1 . Whole-body PET-CT imaging biodistributions of 124 I-cRGDY-PEG-C dots with time. Fig. S2 . RadioTLC chromatograms of plasma specimens and standards. Fig. S3 . RadioTLC chromatograms of urinary specimens and standards. Table S1 . Photophysical characterization of cRGDY-PEG-C dots by fluorescence correlation spectroscopy. Table S2 . Post-release product criteria for cRGDY-PEG-C dots. Table S3 . Stability measurements of cRGDY-PEG-C dot batches (n = 2) by fluorescence correlation spectroscopy. Table S4 . Individual patient PK results for intravenously injected 124 I-cRGDY-PEG-C dots. Table S5 . Summary of PK results for 124 I-cRGDY-PEG-C dots delivered by systemic injection. 
